In this work, we analyze the records of the Italian strong motion database (ITACA, http://itaca.mi.ingv.it) with the aim of identifying stations affected by site effects that are not captured by standard seismic classification schemes. In particular, we consider four different site classifications, two of them based on geological/geophysical characteristics and two driven by data. For each classification we develop a ground motion prediction equation using a random effect approach to isolate the between-station and within-station distribution of errors. The site coefficients obtained for the different classes confirm that site amplification effects are significant for both the horizontal and vertical components. The between-station error normalized to the standard deviation of the betweenstation error distribution is then used to identify stations characterized by large errors, attributable to site effects not accounted for by the classification schemes. The results show that large errors can affect the predictions when the site effects are not uniquely related to the reduction of the seismic impedance in the uppermost layers. For example, amplifications of ground motion over the long period range are observed for stations installed within alluvial closed-shape basins, as consequence of locally generated surface waves. For these stations, classifications based on the horizontal to vertical response spectra ratio are not reliable, since amplifications are also affecting the vertical component. Another interesting feature which emerges from the analysis is the significant de-amplification of short period spectral ordinates that seems to be related to stations typically set in at the foundation level of massive structures. To increase the usefulness of the data set, the most important distinctive features of the strong motion stations are documented in the ITACA database reports containing the instrument information and the available geological-geotechnical data. locally generated surface waves. For these stations, classifications based on the horizontal to 26 vertical response spectra ratio are not reliable, since amplifications are also affecting the 27 vertical component. Another interesting feature which emerges from the analysis is the 28 significant de-amplification of short period spectral ordinates that seems to be related to 29 stations typically set in at the foundation level of massive structures. To increase the 30 usefulness of the data set, the most important distinctive features of the strong motion stations 31 are documented in the ITACA database reports containing the instrument information and the 32 available geological-geotechnical data.
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Introduction 36
The prediction of ground motion amplitude, generated by an earthquake of given magnitude 37 occurring at a given distance form the site of interest, is an important task for engineering 38 seismology and seismic hazard oriented studies. This task is generally accomplished by 39 considering models, called Ground Motion Prediction Equations (GMPEs), calibrated through 40 regressions, applied to strong-motion data recorded from past earthquakes (Douglas, 2003) . 41 Besides the prediction of the expected median value, the statistical uncertainty affecting the 42 median is also playing an important role in assessing the seismic hazard. This uncertainty 43 arises from the intrinsic ground motion variability that cannot be fully captured by any 44 regression model. Furthermore, since the actual ground motion results from the interaction of 45 complex phenomena, related to the generation and propagation of seismic waves, several 46 simplifications are introduced in selecting a suitable model for developing the GMPEs. As a 47 result, both aleatory and epistemic uncertainties affect the predictions (Toro et recording site. In this work, we will refer to stations showing distinctive features, i.e., those 65 stations whose predictions systematically either under or over-estimate the median predictions 66 computed for the site class they belong to. 67
The identification of a subset of ITACA stations, for which such features are apparent, is 68 expected to improve the quality of the available information in the dataset. For instance, the 69 identification of stations lying in closed-shaped alluvial basin will make more rationale the 70 selection of accelerograms in similar geological conditions for engineering applications. 71
Similarly, the end-user should be aware of records which are obtained at a rock outcrop 72 where the topography or the lateral geological heterogeneities may strongly affect the seismic 73 response. As a matter of a fact, researchers and professionals, who access a strong motion 74 database to download strong-motion records satisfying prescribed criteria, in most cases are 75 not aware of the actual recording conditions and merely rely upon the available, often 76 qualitative, seismic classification of the site. Therefore, although the selection meets the target 77 magnitude, such as distance and site classification, the accelerograms may not be suitable for 78 the engineering or seismic hazard applications they were selected for, because their peak 79 values or spectral content can be affected by complex source, path or site effects. It follows 80 that the identification of such stations and the description of their distinctive features in the 81 station monograph, can substantially improve the quality of the database. 82
This article is organized as follows. We first derive a set of GMPEs for spectral accelerations, usually not accounted for in standard site classification schemes; ii) earthquake source and 97 directivity effects, high/low stress drops, shallow/deep hypocenters, which may lead to 98 ground motions amplitudes significantly beyond/below the standard dispersion bands for a 99 group of records; iii) the interaction between the recording stations and the hosting or nearby 100
structures. 101
Independently from the cause, these features can be detected by analyzing the average 102 residuals of several records at the same station, or records of the same earthquake at several 103 stations. 104 Figure 1 shows the comparison between the spectral acceleration, predicted by a GMPE 105 derived for Italy The strong-motion data used to derive the GMPEs are retrieved from the ITACA strong 136 motion database (Luzi et al., 2008) , and have been classified using four different site 137 classification schemes, described in Table 1 . The first scheme, hereinafter referred to as SP, is 138 composed by three classes identified mainly by geological characteristics 139 Pugliese, 1987, 1996) . It separates rock sites (class 0) from soil sites, where the soil sites are 140 in turn divided into shallow alluvium (class 1) and deep alluvium (class 2), depending on a 141 threshold sediment depth of 20 m. The second classification scheme, hereinafter referred to as 142 EC8, is the one introduced by Eurocode8 (CEN, 2004) . EC8 discriminates 5 main classes, A 143 through E, based on intervals of the shear wave velocity averaged over the uppermost 30m 144 (V s30 ), as described in Table 1 . For defining class E, the depth of the sediments is also 145 considered. It is worth to specify that about 100 stations in ITACA have an in-site measured 146 shear-wave velocity profile. For the rest of the stations the EC8 class was inferred mainly on 147 the base of geological information. 148
The other two schemes are data driven and are based on the ratio between the horizontal and 149 vertical acceleration response spectra (5% damping), HVRS. In particular, after Zhao et al 150 The number of stations, earthquakes and recordings, used to develop the GMPEs for the 157 different classification schemes are listed in Table2. The selected records, for all the adopted 158 classification schemes, span the magnitude range 3.5-6.9 and the maximum distance is 300 159 km, as shown in Figure 2 . 160 161
Evaluation of GMPEs 162
A set of GMPEs has been developed considering the four site classification schemes, 163 previously described. The functional form for predicting the median ground motion is a 164 simplified version of the Boore and Atkinson's (2008). In particular, since the maximum 165 magnitude of the analyzed data set is 6.9, we do not introduce the hinge magnitude and we do 166 not include terms describing the non-linear soil behaviour. The functional form is the 167 following: 168
where e 1 is the constant term, F D (R, M), F M (M), F s and F sof represent the distance function, 170 the magnitude scaling, the site amplification and the style of faulting correction, respectively. 171 M is the moment magnitude or the local magnitude for weak events (M < 4.5), R is the 172 Joyner-Boore distance or the epicentral distance (in km) when the fault geometry is unknown 173 (generally when M < 5.5). 174
The strong motion parameter Y considered for the regressions is the 5% damping acceleration 175 response spectra (Sa, cm/s 2 ), considering 23 periods from 0.04 s to 4 s. The proposed equation 176 for the distance function is: 177
178 whereas the magnitude function is: 179
where
The functional form F S in equation (2) represents the site amplification and it is given by F S = 182 s j C j , for j=1,...N classes , where s j are the coefficients to be determined through the regression 183 analysis, and C j are dummy variables used to denote the different site classes (Table 1) The normalized between-station errors relative to different classifications for the same station 281 can be also compared. An example is shown in Figure 7a , where the errors obtained with EC8 282 and DiAlAl classifications are compared for the station CESV, classified as C in the EC8 283 scheme. From the HVSR curve ( Figure 7b ) the predominant period of CESV is 0.2s and the 284 site is classified as CL-I (DiAlAl). This classification produces residuals larger than one  for 285 periods larger than 0.2 s, as well as the EC8 scheme. CL-I mainly includes rock and stiff sites, 286 so the strong amplification occurring at CESV outside the period range defining class CL-I, 287 leads to an under-estimation of the observations for periods larger than 0.2s. On the other 288 hand, the strong peak at 0.5 s is evident for both classifications, indicating that this feature is 289 distinctive of this station. 290
In conclusion, the analysis of the period dependent / ratio allows to identify those stations 291 with remarkable differences with respect to the average response of their pertinence class. 292 293
Analysis of accelerometric stations in ITACA 294
To obtain sufficiently stable results and to summarize them in a synthetic format suitable to 295 be included into the station reports of the ITACA database, we considered the between-station 296 errors only for the ITACA stations which recorded at least 6 earthquakes with magnitude 297 larger than 3.5. As a tentative rule, a station is considered to present -anomalies‖, or 298 distinctive features, in its seismic response if the normalized station error exceeds the ± 299 1dispersion band in a given period range. Furthermore, to guarantee that the results do not 300 depend on the adopted classification, all four schemes introduced in this paper have been 301 The / ratio being exceeded at long periods is one of the most interesting features of the 337 database and it can be very often associated to the long-period basin-induced amplification 338 effect, as illustrated in Figure 11 , where all the plots refer to stations within alluvial basins. Local site effects play an important role in determining the level of the ground shaking and its 374 spatial variability. Ground motion predictive models should always include a description of 375 these effects. However, since the available geological-geotechnical information about the site 376 where the strong motion stations are installed is often poor, strong simplifications in modeling 377 site effects is unavoidable when developing GMPEs. It follows that a significantly variability 378 of the residuals between observations and predictions should be expected, both due to the 379 complexity of the actual mechanisms generating site effects and to the simplified way in 380 which they are accounted for in GMPEs. 381
In this work we analyzed the records of the Italian strong motion database (ITACA) with the 382 aim of identifying the stations affected by peculiar site effects, which cannot be captured by 383 simplified classification schemes. In particular, we considered four different classifications, 384 two based on geological/geophysical information and two driven by recorded data. We used 385 the ratio of the between-station error and the between-station standard deviation, to identify 386 site effects not accounted for by the classification schemes. 387
This analysis allowed us to identify a broad set of cases for which complex geological 388 conditions or station-structure interactions affect significantly the ground motion. In 389 particular, we found two rather peculiar examples of such effects, namely: 390 -the long period amplification of ground motion affecting stations installed within alluvial 391 closed-shape basins ( Figure 11) ; 392 -the de-amplification of short period spectral ordinates for embedded stations, typically 393 installed at the foundation level of massive structures (Figure 12) . 394 
